DEVELOPMENT
Introduction
Animals have evolved a fascinating array of mechanisms for conducting sexual reproduction, including those used for attracting a mate, courting a mate and getting the gametes together. These mechanisms often differ drastically between different species. However, one thing that all sexual animals have in common is the production of distinct male and female gametes that must unite to initiate development of a new individual. Thus, the study of how a germ cell is guided along a male or female path, to eventually produce either sperm or eggs, is central to our understanding of sexual reproduction and fertility.
In this review, we discuss germline sexual identity within the context of the different stages of germline sexual development and the decisions that germ cells face along the way (see Box 1 for a discussion of terms). This includes the process of germline sex determination, by which a germ cell acquires a male versus female identity, but also how sexual identity influences other events, such as the formation of male or female germline stem cells and entry into spermatogenesis or oogenesis. Although germline sex determination and sexual development have not always been studied together, it is clear that we cannot understand one without the other. An understanding of germline sex determination depends on our understanding how the developmental paths of male and female germ cells diverge. Similarly, understanding other events in male versus female germ cell development requires an understanding of the role germ cell sexual identity plays in these processes. Therefore, we first discuss work on germline sex determination that has contributed greatly to our knowledge of how this process is controlled. We then discuss our emerging understanding of germ cell sexual development and how this affects our thinking about germline sex determination. Finally, we briefly discuss how understanding these events in Drosophila can shed light on similar events in mammalian germ cell development and human fertility. As this represents several distinct subjects, each of which is worthy of an entire review, we have, by necessity, focused on specific findings and refer readers to more-comprehensive reviews on related topics, where appropriate.
Germline sex determination in Drosophila
The establishment of sexual identity in the germline is thought to occur differently from in the rest of the body (the somatic cells or soma). In the soma, male versus female identity is regulated by the number of X chromosomes (or ratio of X chromosomes to autosomes), such that, in normal diploid animals, XX is female and XY is male ( Fig. 1 ) (reviewed by Cline and Meyer, 1996) . The Y chromosome is not important for sex determination in either the soma or the germline in Drosophila, but does contain genes that are required for spermatogenesis. In the soma, XX embryos activate expression of Sex-lethal (Sxl), which functions through transformer (tra) and transformer 2 (tra2) to regulate the splicing of doublesex (dsx) RNA, producing a female form of this transcription factor. In XY animals, this pathway is off and a male form of DSX is produced by default. dsx regulates male versus female development in most somatic cells, including the somatic gonad, while in the nervous system, a second target for this pathway, fruitless, regulates most aspects of sex-specific behavior (Ryner et al., 1996) . As we discuss below, the rules for determining sex in the germ cells are very different from those acting in the soma, and the sex of the soma also influences this decision in the germline.
Studying germline sex determination
Much of the work on germline sex determination in Drosophila has focused on studying the relative contribution of somatic influence versus the germ cell-autonomous control of this process. Often, this has been analyzed by placing germ cells of one 'sex' into a soma of the opposite 'sex', such as through the use of genetic mosaics (see also Oliver, 2002) . For example, transplanting germ cells from one embryo to another (Illmensee and Mahowald, 1974) allows one to study the fate of XY germ cells in an XX soma, and vice versa. An important conclusion from this work is that, in Drosophila, XY germ cells in an ovary do not make functional eggs, and XX germ cells in a testis do not make functional sperm (Marsh and Wieschaus, 1978; Schupbach, 1982; Steinmann-Zwicky et al., 1989; Van Deusen, 1977) .
Germ cell transplantation has also revealed that most of the genes that function in Drosophila to determine the sex of the soma, such as tra and dsx, have no role in germ cells; germ cells mutant for these genes produce normal eggs or sperm in wild-type hosts (Marsh and Wieschaus, 1978; Schupbach, 1982) . Thus, the manipulation of these genes is another way to change the 'sex' of the soma without affecting the 'sex' of the germ cells. For example, animals that are XX but mutant for tra develop as males (Sturtevant, 1945) , including a male somatic gonad. However, as tra is not required in the germline, this results in XX germ cells developing in a male soma, similar to the transplant experiments described above. Overexpression of tra is sufficient to feminize an XY soma (McKeown et al., 1988) , creating the opposite situation.
Male germ cells in a female soma
When XY germ cells develop in a female soma [using the above methods and others; see Oliver (Oliver, 2002) , for an extensive review], the result is often an 'ovarian tumor', where germline cysts in the ovary contain tens to hundreds of small individual germ cells instead of 15 interconnected nurse cells and an oocyte, as in a normal ovarian cyst. At times, these germ cells appear unambiguously male with characteristics of differentiating spermatocytes (Steinmann-Zwicky et al., 1989) , indicating that XY germ cells can retain a male identity in a female soma. However, characteristics of oogenesis can also be observed in these experiments (Nagoshi et al., 1995; Waterbury et al., 2000) and analyses using molecular markers reveal that these germ cells have both male and female characteristics (Hinson and Nagoshi, 1999; Janzer and Steinmann-Zwicky, 2001; Waterbury et al., 2000) . Furthermore, XY germ cells do not always survive in a female environment (Schüpbach, 1985; Steinmann-Zwicky et al., 1989) . Thus, although the ovarian tumor phenotype is commonly observed, and is likely a result of XY germ cells maintaining aspects of male identity in a cell-autonomous manner, these germ cells are not fully male, and may also have compromised viability.
Female germ cells in a male soma XX germ cells are likely to fail to proliferate or to die when present in a male soma. XX germ cells transplanted into a male soma are recovered at a greatly reduced frequency relative to the reciprocal transplantation (Steinmann-Zwicky, 1993; Steinmann-Zwicky et al., 1989) . Similarly, in XX animals where the soma has been transformed to a male identity, many gonads contain few or no germ cells [e.g. tra mutants (Brown and King, 1961; Hinson and Nagoshi, 1999; Nöthiger et al., 1989; Sturtevant, 1945) ]. The remaining germ cells form cysts that can have either male or, more rarely, female character, while many other cysts appear to be degenerating (Andrews and Oliver, 2002; Brown and King, 1961; Hinson and Nagoshi, 1999; Horabin et al., 1995; Nagoshi et al., 1995; Nöthiger et al., 1989; Oliver et al., 1993; Staab et al., 1996) . Thus, XX germ cells in a male soma appear to make a more stochastic decision whether to be male, or female, and also have compromised viability.
Although the phenotype of germ cells placed in a soma of the opposite sex is variable, one conclusion is clear and consistent: they are not able to develop as either fully male or female. Thus, proper germ cell sex determination requires a combination of both somatic signals and germ cell-autonomous cues.
Somatic control over germ cell sex Somatic control over germ cell sex determination is observed in many animals, including flies and mice. Although the somatic sex determination pathway in Drosophila is not required in the germ cells themselves for proper germ cell sex determination, it is required in the soma for proper somatic control of germ cell sex. tra, tra2 and dsx are all required in the soma, and not the germ cells, for proper germline sex determination Marsh and Wieschaus, 1978; Schupbach, 1982 (15) both the soma and the germline (below). The effects of mutations in tra, tra2 and dsx on the germline indicate that the pathway that controls somatic influence over germ cell sex determination is the same as that controlling other aspects of somatic sexual development and acts through dsx (Fig. 1) . However, others have argued for an additional, dsx-independent mechanism for somatic control over the germline as some feminizing affects of tra are still observed in the absence of dsx (Horabin et al., 1995; Waterbury et al., 2000) . Although little is known about how the sex of the soma influences germline sexual identity, it has recently been shown that one such mechanism acts through the Jak/Stat (Janus kinase/signal transducer and activator of transcription) pathway (Wawersik et al., 2005) .
Germ cell-autonomous control
In addition to somatic influences, germ cells also 'know' their own sex autonomously (Fig. 1) . This is dependent on the X:A ratio in the germ cells (Schüpbach, 1985) , as it is in the soma, and female germ cells require Sxl for proper development. XX germ cells mutant for Sxl cannot make eggs but give rise to ovarian tumors (Oliver et al., 1988; Perrimon et al., 1986; Salz et al., 1987; Schüpbach, 1985; Steinmann-Zwicky et al., 1989) . This resembles what is observed when XY germ cells are present in females (as discussed above), indicating that Sxl mutant XX germ cells are masculinized. Indeed, male-specific gene expression is observed in XX germ cells that lack Sxl (Staab et al., 1996; Wei et al., 1994) , and Sxl functions to promote female germ cell development in other assays (Hinson and Nagoshi, 1999; Steinmann-Zwicky et al., 1989) . However, gain of Sxl function in XY germ cells does not interfere with male development, as it does in the soma, indicating that Sxl is not sufficient to activate female germ cell development and, therefore, might not act as a 'switch' between male and female identity in the germline (Cline, 1983; Hager and Cline, 1997; Oliver et al., 1993) . In addition, the pathway both upstream and downstream of Sxl is different in the germline than in the soma. Although germ cells depend on the X:A ratio, they count their number of X chromosomes differently. Somatic cells depend on factors such as scute/ sisterless-b and maternal daughterless to determine their X:A ratio and to activate Sxl in females, but these factors are not required in the germ cells (Granadino et al., 1993; Schüpbach, 1985; Steinmann-Zwicky, 1993) . Similarly, tra is not required in the germline (Marsh and Wieschaus, 1978) , so this cannot be the downstream target of Sxl in these cells. The target(s) of Sxl in the female germline remain elusive.
How is Sxl regulated in the germline if the X:A ratio is 'read out' differently and germ cells also respond to somatic signals? Genes that, like Sxl, give rise to ovarian tumors when mutated are candidates for acting with Sxl to promote female germ cell development. The most extensively studied of these genes, with regard to germ cell sex determination, are ovarian tumor [otu (King, 1979) ] and ovo (Oliver et al., 1987) . Although the role of these genes is still being resolved, one possible model for how these genes act is presented in Fig. 1 . Both of these genes are normally required in female, but not in male, germ cells. ovo appears to be responsive to germ cell-autonomous cues, as ovo expression is regulated by the X:A ratio and ovo is required in XX germ cells regardless of whether they are in a male or female soma (Andrews and Oliver, 2002; Bielinska et al., 2005; Nagoshi et al., 1995; Oliver et al., 1994) . By contrast, otu appears to respond to somatic signals as otu expression is activated by a female soma, and otu is required by both XX and XY germ cells when they are in a female somatic environment (Hinson and Nagoshi, 1999; Nagoshi et al., 1995; Waterbury et al., 2000) . ovo encodes several related zinc-finger transcription factors (Garfinkel et al., 1992; Garfinkel et al., 1994; Mevel-Ninio et al., 1991; Mével-Ninio et al., 1995) that directly regulate otu expression (Andrews et al., 2000; Andrews and Oliver, 2002; Lu et al., 1998; Lu and Oliver, 2001 ). The molecular function of OTU is unknown, but it may involve RNA regulation (Goodrich et al., 2004) . Finally, Sxl acts genetically downstream of ovo and otu, and these genes are required for the proper splicing of Sxl RNA into the female (active) form (Bopp et al., 1993; Nagoshi et al., 1995; Oliver et al., 1993; Oliver and Pauli, 1998; Pauli et al., 1993) .
Complications to the simplified model in Fig. 1 include that ovo can also behave genetically downstream of otu in some assays (e.g. Hinson and Nagoshi, 1999) , and that both ovo and otu are required for germ cell survival in females (King and Riley, 1982; Oliver et al., 1987) , unlike Sxl (Schüpbach, 1985) , suggesting they have an additional role that is independent of Sxl. There are also other genes thought to act in this process, such as sans fille, a Sxl splicing factor (Salz, 1992) , and stand still, which appears to regulate otu expression (Sahut-Barnola and Pauli, 1999) . Thus, achieving a better understanding of how the X:A ratio is interpreted in the germline and influences sex determination, in combination with signals from the soma, remains a high priority.
The problem of germline X chromosome dosage compensation Embryos need to adjust the amount of X chromosome gene expression to ensure that females (XX) and males (XY) have similar relative levels, a process known as X chromosome dosage compensation. However, germ cells must turn off dosage compensation, at least at some point in their development, in order to reset this system for the next generation. XX and XY germ cells would have different levels of X chromosome gene expression at this time. Some of the effects of X chromosome number in the germline may be due to general problems resulting from this difference, rather than due to specific effects on germline sex determination; it is possible that female germ cells require a 2X chromosome dose, while male germ cells cannot tolerate a 2X chromosome dose. However, it is unlikely that this is the only way in which X chromosome number affects germ cell development, as the X:A ratio clearly affects the male versus female phenotype of the germ cells and not just their survival (as discussed above). This indicates that the number of X chromosomes helps determine the sexual identity of the germline, independent of any other effects of X chromosome dose.
Germline sexual development in Drosophila
Until recently, we knew relatively little about the early stages of germ cell sexual development. Consequently, much of the work on germline sex determination, discussed above, has involved analyzing phenotypes at relatively late stages, usually aspects of gametogenesis in adults, even though many of the crucial events in germ cell development occur much earlier. This probably contributes to the variable nature of the germ cell phenotypes observed, and makes it difficult to know whether a particular gene or experimental manipulation affects germline sexual identity or other aspects of germ cell development. Moreover, we do not yet know if sex in the germline is ever irreversibly determined prior to the onset of gametogenesis, or if the germ cells are simply guided further along the male or female developmental paths by more continuous inputs, such as those from the somatic gonad. Thus, it is essential to have a better understanding of all stages of germ cell sexual development in order to understand germ cell sex determination fully. Germ cell sexual development includes the initiation of male versus female identity in the germline. In addition, it includes the maintenance of this identity, the formation of male versus female germline stem cells, and the commitment to and completion of spermatogenesis versus oogenesis (Fig. 2) . Importantly, each of these steps requires extensive interaction between the germ cells and the somatic gonad. An essential goal now is to break germline sexual development down into its component parts so that the mechanisms regulating each distinct stage can be understood.
Gonad formation
Germ cells coalesce with somatic gonadal precursors (SGPs) to form the embryonic gonad at about 12 hours after fertilization (reviewed by Van Doren, 2006) . Interestingly, the somatic gonad is already sexually dimorphic at this time (see Fig. 2 and later in the review). The most posterior SGPs are known as 'male-specific' SGPs (msSGPs) because they contribute to only the male gonad and undergo apoptosis in females (DeFalco et al., 2003) . Anterior SGPs also have a sex-specific identity and exhibit a different pattern of gene expression in males versus females (Le Bras, 2006) . There is ample opportunity for soma to influence germ cell development in the embryonic gonad, as SGPs ensheath each germ cell , and gap junctions may facilitate communication between the soma and germline (Tazuke et al., 2002) . In addition, the SGPs express secreted factors such as unpaired (Wawersik et al., 2005) , a ligand for the JAK/STAT pathway, differently in males versus females, indicating that communication between the soma and the germline can be sex specific.
Initial germ cell sexual identity
Sexual dimorphism in the germline is also evident at the time of embryonic gonad formation. A slightly greater number of germ cells are incorporated into the male gonad relative to the female gonad (Poirie et al., 1995; Sonnenblick, 1941) . As there are not thought to be differences in germ cell formation between the sexes, and germ cells are arrested in the cell cycle during migration and gonad formation (Sonnenblick, 1941; Su et al., 1998) , this may be due to differences in how the germ cells respond to the somatic gonad or to differences in the somatic gonad itself (e.g. the presence of msSGPs in the male). The difference in germ cell number is then amplified after gonad formation as male germ cells begin to proliferate, while female germ cells do not (Kerkis, 1931; Steinmann-Zwicky, 1994; Wawersik et al., 2005) . Last, the female germline is more sensitive (15) to death caused by the activation of P element transposons (hybrid dysgenesis) than is the male germline (Wei et al., 1991) . As this occurs during embryonic stages, this indicates that the germline is already sexually dimorphic at this time.
A sex-specific pattern of gene expression can also be observed in germ cells soon after gonad formation (stage 15). At this time, germ cells exhibit male-specific expression of male germline marker 1 [mgm1, Fig. 3C ,D (Staab et al., 1996) ], a lacZ reporter that probably reflects expression of the transcription factor escargot (Streit et al., 2002) , along with other male-specific genes (Wawersik et al., 2005) . The fact that sex-specific germ cell phenotypes and gene expression patterns are first observed in the newly formed embryonic gonad indicates that this may be when germ cells first acquire distinct male versus female identities.
Sex-specific gene expression in embryonic germ cells is regulated by both somatic signals and germ cell-autonomous cues. XY germ cells initiate mgm1 expression even in a female somatic environment, indicating that it is regulated by the germ cell genotype (Heller and Steinmann-Zwicky, 1998; Janzer and Steinmann-Zwicky, 2001 ). mgm1 expression is also regulated by the soma, as XY germ cells cannot maintain mgm1 expression in a female soma (Janzer and Steinmann-Zwicky, 2001 ). Thus, the initiation of mgm1 expression in the male germline may be regulated differently from its maintenance. In addition, XX germ cells can express mgm1 when in a male soma (Staab et al., 1996) , and there is evidence for both induction of mgm1 expression by the male somatic gonad (Wawersik et al., 2005) and repression of mgm1 expression by the female somatic gonad (Heller and Steinmann-Zwicky, 1998) .
How does the somatic gonad regulate initial sexual identity in the germline? One mechanism acts through the Jak/Stat pathway (Wawersik et al., 2005) . A ligand for this pathway, unpaired (upd), is expressed in the embryonic somatic gonad in males, but not in females, and the Jak/Stat pathway can be activated in germ cells of either sex as long as they contact a male somatic gonad. The Jak/Stat pathway is necessary and sufficient to induce germ cell proliferation in the embryonic gonad, a male-specific behavior. It is also necessary for the maintenance of mgm1 expression in male germ cells, and is sufficient to induce expression of some male-specific genes, such as mgm1, disc proliferation abnormal and Minichromosome maintenance 5, in female germ cells (Wawersik et al., 2005) . However, activation of the Jak/Stat pathway in female germ cells, at least at early stages, does not block oogenesis in adults. Thus, this pathway is only one of the factors that regulates germline sex determination, and does not necessarily lead to an irreversible commitment to male germ cell identity. It is currently unknown if other somatic signals, or genes such as Sxl, ovo and otu acting in a germ cell-autonomous fashion, contribute to specifying germ cell sexual identity at this early stage.
In summary, germ cells have a sex-specific identity at a time soon after they have joined with SGPs to form the embryonic gonad, and this may represent the point at which male versus female identity is first established in the germ cells. Even at this early stage, there is evidence that both signals from the somatic gonad and germ cellautonomous cues are important for germline sex determination. Future work to understand how initial germ cell sexual identity is established should focus on this early timepoint.
Male versus female germline stem cells

Germline stem cell formation
Germ cells often form a stem cell population so that they can produce a continuous supply of differentiating gametes. In Drosophila, a subset of germ cells in both males and females become germline stem cells (GSCs) and populate a stem cell niche created by specific somatic cells. When and how germ cells become GSCs are still unanswered questions in both sexes. However, in males there is evidence that the stem cell niche forms during the last stage of embryogenesis (Fig. 2, Fig. 4E,F) . In adult males, a single GSC niche is present at the apical end of each testis and is created by a tight cluster of somatic cells known as the 'hub' (Aboïm, 1945; Hardy et al., 1979) . A structure morphologically similar to the hub is present in early larval stages (Aboïm, 1945) . In addition, recent work demonstrates that a group of anterior SGPs in the male embryonic gonad express several molecular markers characteristic of the adult hub (Gönczy et al., 1992; Le Bras, 2006) . These cells form a tight cluster during the last stage of embryogenesis (stage 17), which interacts specifically with a subset of germ cells (Le Bras, 2006) . This is likely to represent the Fig. 3 . Enlarged view of the male and female germline stem cell (GSC) niches. In both the male and female GSC niches, GSCs are attached to the niche via DE-cadherin-rich cell-cell contacts. GSCs usually divide so that one daughter remains associated with the niche, and retains GSC identity, while the other daughter is displaced from the niche and enters gametogenesis. Signaling from the female niche (terminal filament and cap cells) uses the Tgf␤ signaling pathway to maintain GSCs and the Jak/Stat pathway to maintain the escort cell population. Signaling from the male niche (hub) uses both the Jak/Stat and Tgf␤ pathways to maintain the GSCs. Male: germ cells, dark blue; putative GSCs, light blue; hub cells, orange; cyst progenitor cells, light green; testis sheath, yellow. Female: germ cells, dark pink; GSCs, light pink; terminal filament cells, orange; cap cells, red; escort cells, light green; epithelial sheath, blue.
formation of the GSC niche that persists in the adult testis. As spermatogenesis begins during early larval stages (Aboïm, 1945) , it is possible that the germ cells interacting with the hub are already functional GSCs in the late embryo or early (first instar) larval stage.
In the female, each of the 16 or so ovarioles in an adult ovary contains a stem cell niche, which is created largely by the somatic cap cells. This structure is formed only during ovary morphogenesis, which begins in the late (third instar) larvae King, 1970; Sahut-Barnola et al., 1995; Spradling, 1993) . Evidence suggests that the Tgf␤ pathway, the crucial signaling pathway between the niche and GSCs in the adult ovary, is already important for GSC formation at this time (Zhu and Xie, 2003) . However, recent work has shown that germ cells populating the anterior region of the female embryonic gonad are more likely to become GSCs, suggesting that some female germ cells are already predetermined to be GSCs at a much earlier stage (Asaoka and Lin, 2004) . Thus, an interesting possibility is that the anterior-most SGPs, in both the male and female embryonic gonads, may be responsible for specifying GSC identity in a subset of germ cells.
Adult GSCs and niches
Most of our knowledge of GSCs in Drosophila comes from extensive study of the adult testis and ovary. There are some surprising similarities between male and female GSCs, including how they interact with the niche, the signaling pathways that are active in the niche, and the close interaction between GSCs and somatic stem cells in the niche (Fig. 3) (Decotto and Spradling, 2005; Gilboa and Lehmann, 2004a; Spradling et al., 2001; Wong et al., 2005; Yamashita et al., 2005) . However, despite these similarities, there are also some clear differences between male and female GSCs. In both sexes, GSCs are maintained by signaling from the niche, but in the female this signal acts through the Tgf␤ pathway (Xie and Spradling, 1998) , while in the male, signals act through both the Jak/Stat (Kiger et al., 2001; Tulina and Matunis, 2001 ) and Tgf␤ pathways (Kawase et al., 2004; Schulz et al., 2004; Shivdasani and Ingham, 2003) . Although signaling through the Jak/Stat pathway also occurs in the female niche, it acts on the somatic (escort) stem cells; female GSCs do not require this signal (Decotto and Spradling, 2005) . In addition, there are differences in gene expression in male versus female GSCs (Gönczy et al., 1992) , including in mgm1 expression, which is initially expressed in all male germ cells and becomes restricted to male GSCs (Staab et al., 1996) . Thus, despite being exposed to similar signaling environments, male and female GSCs respond differently to these signals and maintain distinct identities. It is likely that the prior sexual identity of the germ cells is crucial for determining their differential responses to the niche environment.
Interestingly, the Jak/Stat pathway is activated in all germ cells as they enter the male embryonic gonad, but is then active only in GSCs in the adult testis. Thus, does the Jak/Stat pathway promote male germ cell identity, male GSC identity or both? One possibility is that there is no real difference between these two identities. It may be that all germ cells in a male embryo initially receive this signal, which contributes to their male identity, and allows them to proliferate and remain undifferentiated. Those germ cells that do not interact with the niche lose the signal and directly enter spermatogenesis, while those that contact the niche retain the signal and continue to act as GSCs. Similarly, it has been shown that female germ cells have the potential to enter gametogenesis at early stages, prior to ovary morphogenesis, and the Tgf␤ pathway is important to prevent this premature differentiation (Gilboa and Lehmann, 2004b) . Thus, in both sexes it is likely to be important to hold germ cells in an undifferentiated state until the stem cell niche has been formed. The same signals that regulate stem cell maintenance in the adult may act to prevent premature germ cell differentiation earlier in development.
Sex and GSCs
How does germline sexual identity affect GSC formation and behavior? Can a male germ cell become a female GSC or vice versa? Little is currently known about these interesting questions. When male germ cells are in a female soma and exhibit the ovarian tumor phenotype, individual germline cysts are still produced in an 'assembly line' fashion as in normal ovarioles. This suggests that GSCs are still present and continuously produce germline cysts (Schüpbach, 1985) . However, the germline is also lost over time in these gonads (SteinmannZwicky et al., 1989), indicating that GSC maintenance is REVIEW Development 133 (15) (15) defective. These putative GSCs lack expression of male GSC markers, such as mgm1, and express female-specific Sxl (Janzer and Steinmann-Zwicky, 2001; Waterbury et al., 2000) . Thus, these cells do not appear to have male GSC identity, and probably have a female or mixed identity. When female germ cells develop in a male soma, many resulting adult testes have few or no germ cells (above), indicating that these germ cells do not survive or cannot populate the male GSC niche. When such gonads do contain germ cells, little is known about whether any behave as GSCs. Clearly, a more directed analysis of the GSC phenotypes in adults, and an analysis of GSC formation during development, will be required in both sexes to determine how male versus female GSCs are established and how this process is influenced by germ cell sexual identity.
Gametogenesis
Gametogenesis begins in males during the early larval stages [1-2 days after fertilization, reviewed by Fuller (Fuller, 1993) ] but does not begin in females until much later [early pupae, 5+ days after fertilization, reviewed by Spradling (Spradling, 1993) ]. Although spermatogenesis and oogenesis are obviously very different processes, with dramatically different end products, they are initially surprisingly similar. In both males and females, the GSC daughter that leaves the niche undergoes four mitotic divisions with incomplete cytokinesis to produce a 16-cell cyst of interconnected germ cells. The connections between germ cells are formed by ring canals, and a specialized organelle, the fusome, extends between these cells. Both male and female germ cells also express the Bag of Marbles (BAM) protein as they enter gametogenesis (Gönczy et al., 1997; McKearin and Ohlstein, 1995) . Finally, the early germ cell cysts are ensheathed by somatic cells in both sexes (Decotto and Spradling, 2005; Fuller, 1993) . Thus, up through the early 16-cell cyst stage, it is difficult to distinguish clearly between spermatogenesis and oogenesis.
Subsequently, the differences become obvious. In males, the germ cells of the cyst grow significantly in size and all complete meiosis to create 64 spermatids. By contrast, only one germ cell (the oocyte) commits to meiosis in females, while the other 15 become nurse cells that are easily recognizable by their polyploid nuclei. In addition, differences in ring canal and fusome character become evident at this time (Hime et al., 1996; Hinson and Nagoshi, 1999; Lin et al., 1994; Robinson et al., 1994) . There are also differences in somatic cell development because, in the female, the escort cells interacting with the early cysts die and are replaced by follicle cells (Spradling, 1993, Decotto and Spradling, 2005) . It is these late differences in spermatogenesis versus oogenesis, and other types of late cyst phenotypes, such as ovarian tumors, that have been used for much of the work on germline sex determination described above. As there is extensive soma/germ-cell communication during gametogenesis, defects at this stage could indeed result from sexual incompatibility between the soma and germline that is due to earlier problems in germline sex determination. However, it is also possible that these phenotypes could sometimes result from relatively late defects in gametogenesis that are separate from the events of germline sex determination. This problem highlights the need to better understand the different stages of germ cell sexual development individually, how each is affected by germ cell sexual identity and the interactions that occur between germ cells and the surrounding soma.
Conclusions
There are two main ideas on which we have focused our discussion of germline sexual identity in Drosophila, each of which represents an important area for future investigation. First, germ cell sex determination requires a combination of somatic signals and germ cell-autonomous cues. Although some of the important players that mediate both the germ cell-autonomous and somatic effects on germline sex determination have been uncovered, much remains to be learned about how these factors interact to control germline sexual identity. The second is that germline sexual identity needs to be understood within the context of the different stages of germline sexual development. We do not yet know when the sex of the germline becomes irreversibly determined. The germline is already sexually dimorphic in the embryonic gonad, and must progress through the formation of male or female germline stem cells and through spermatogenesis or oogenesis. Extensive germline-soma interaction governs each of these stages.
Fortunately, a new window is now opening in our ability to study germ cell sexual development that will allow us to better address these ideas in the future. Considerable knowledge has been gained about the early development of the gonad in the embryo, and also about the adult ovary and testis. However, for technical reasons, it has been difficult to bridge the gap between the embryo and adult, during which most of the sexual development of the germline and somatic gonad occurs. Recently, though, researchers working from 'both ends' have made dramatic progress in our ability to study these stages. As described above, this includes moving forward from the embryonic gonad to understand the sexually dimorphic development of the germline and somatic gonad during late embryonic and larval stages. This also includes applying our knowledge of the adult gonad to understanding the earlier processes of testis and ovary morphogenesis, and of stem cell niche formation. Thus, we now have the tools necessary for studying the different stages of germline sexual development and for investigating how germline sexual identity is controlled at each step.
Mammalian germ cell sexual development: a view from the fly
Interestingly, the main conclusions about germline sexual development in Drosophila are also true for the mouse. Mouse germline sex determination also requires both somatic signals and germ cell-autonomous cues, is regulated differently from in the soma and is dependent on the number of X chromosomes in the germ cells. In addition, mouse germ cell sexual development also involves several discrete stages, including the establishment of germ cell sexual identity, the formation of GSCs and entry into gametogenesis, each of which requires extensive, sex-specific interaction between the soma and germline.
As in flies, the first signs of sex-specific germ cell development in the mouse occur soon after germ cells associate with the somatic gonad (genital ridge), when female germ cells enter meiosis while male germ cells do not. Whether germ cells behave as male or female at this time depends on the sex of the somatic gonad, not the genotype of the germ cells (reviewed by McLaren, 2003) . However, also similar to flies, mouse germ cells do not go on to develop normally in a soma of the opposite sex, and give rise to fewer or no gametes. Thus, germ cell-autonomous cues are also important for proper germ cell sexual development. Interestingly, this largely depends on the number of X chromosomes (as in Drosophila) rather than on the presence or absence of a Y chromosome (which determines sex in the mammalian soma). For example, XX germ cells are more inclined to female characteristics than are either XY or XO germ cells in a similar gonad environment (McLaren, 1981) . In addition, when in a male somatic environment, XO germ cells survive and make it further into spermatogenesis than do XX or XXY germ cells, which behave initially as male but then die (Burgoyne, 1987; Hunt et al., 1998) . Thus, germ cells do not need a Y chromosome to be initially 'male-like', but must have only one X chromosome (there are also Y chromosome genes necessary for spermatogenesis in both mouse and Drosophila). There are several explanations for the role of X chromosome number in germ cells, including the problem of germline X chromosome dose compensation discussed above. However, the data suggest that, in both flies and mice, germ cell sex determination depends on somatic signals combined with germ cell-autonomous cues that are dependent on the number of X chromosomes. This raises the intriguing possibility that the process of germ cell sex determination in these species may be highly conserved.
Understanding how somatic signals combine with germ cellautonomous cues to control proper germ cell sexual development is also crucial for understanding human germ cell development and fertility. Human disorders such as Klinefelter's (XXY males) and Turner's (XO female) syndromes lead to sterility with severe defects in germ cell development and germ cell loss (Abir et al., 2001; Lanfranco et al., 2004) . According to the hypothesis that X chromosome number influences germ cell sexual identity, these chromosome constitutions would lead to an 'incompatibility' between the sex of the soma and the sex of the germline. In individuals with Klinefelter's syndrome, for example, the soma is male because of the presence of a Y chromosome, while the germ cells have two X chromosomes and might therefore be female, leading to germ cell loss similar to that observed when female germ cells are present in a male soma in the mouse or fly. In addition, many other patients are seen with similar severe germ cell loss phenotypes (sertoli cell only syndrome and premature ovarian failure) that are of unknown origin. A better knowledge of the mechanisms that control germ cell sexual identity and of germ cell sexual development is needed to understand the defects that occur in such individuals. The similarity between germ cell development in Drosophila and mammals indicates that Drosophila represents a powerful system for elucidating these mechanisms and the genes that control them.
